Abstract: Increasing interest has been focused on the preparation of magnetic latex particles and their use in biomedical diagnostics. All elaborated magnetic colloidal particles or latexes are principally used as a solid support of biomolecules involved in the specific capture of targeted biomolecules such as antigens in immunoassays (i.e., ELISA) and nucleic acid detection in ELOSA. Nowadays, the main objective in biomedical diagnosis is to enhance the sensitivity and to accelerate the procedure by elaborating new magnetic colloidal particles and diagnostic methods. The general problem in this field is related to the limited sensitivity. One possibility to partially solve it is to increase the concentration of captured targets (antigens, nucleic acids, etc.) before the specific detection step. Thus, the use of appropriate magnetic colloidal particles and methods for extraction and concentration of biomolecules is of extreme interest.
Introduction
Various kinds of colloidal particles are used as solid support in numerous biomedical applications such as immunoassay [1] [2] [3] , cell sorting [4] [5] [6] [7] [8] , nucleic acid capture and detection [9] [10] [11] . Such applications require various steps in which particle separation is absolutely needed. In this area two separations are often used: filtration and centrifugation. To avoid such separation processes, which limit the automation of biomedical diagnosis methods and are time consuming, magnetic colloids are of great interest.
Since the development of magnetic nanoparticles (Fe 3 O 4 : magnetite, γ-Fe 2 O 3 : maghemite), various steps involved in biomedical applications are reduced. In fact, the main advantage in using magnetic particles and particularly magnetic latexes is related to the fast particle separation upon applying an even low permanent magnetic field. Particle separation under a magnetic field is related to various parameters: the chemical nature of the iron oxide (γ-Fe 2 O 3, Fe 3 O 4 …), amount of magnetic domains in the final composite microspheres, particle size, physical density, viscosity of the medium and finally the intensity of the applied magnetic field [12] . Consequently, each biomedical application needs a well-defined and appropriate magnetic carrier.
Since the first elaboration of iron oxide nanoparticles (ferrofluid solution) [13] , various magnetic colloids have been prepared [14] [15] [16] [17] [18] and evaluated in numerous biomedical diagnosis applications [19] . The objective of this non-exhaustive review is to present briefly the elaboration of magnetic colloids and their use for specific and non-specific extraction, concentration and detection of biomolecules. The colloidal properties and the physicochemical characteristics of the elaborated magnetic colloids are governed by the targeted application.
Elaboration of magnetic colloids: state of the art
The aim of this part is to describe to the readers in concentrated form the state of the art of various elaboration processes of magnetic colloids. The presented methodologies are the main representative strategies and processes. In addition, some original approaches are also presented and discussed.
The first synthesis of hydrophilic magnetic latex particles via a polymerization process has been reported by Avraemas et al. in 1977 [1] using iron oxide nanoparticles, acrylamide and agarose. Since this early work, various strategies and magnetic colloids and latexes have been elaborated [12] .
An interesting methodology has been developed by Ugelstad et al. [14] by using seed polymer particles (i.e., porous poly(styrene-co-divinylbenzene)) as a template (Fig. 1 ). Iron oxide nanoparticles were then directly synthesized in the polymer pores via ferric and ferrous salt precipitation. To avoid the release of iron oxide nanoparticles from the polymer matrix, encapsulation via polymerization was used. Such a multi-step process leads to monodisperse magnetic latex particles, micronic in size (from 1 to 5 µm), containing around 20% iron oxide material and exhibiting different surface functionalities (OH, COOH, SH, NH 2 …). Fig. 1 . Schematic illustration of the Ugelstad process based on seed polymer particles [14] In 1978, Rembaum et al. [20, 21] explored the swelling process of a polymer matrix. The first work in this direction was based on swollen hydrophilic poly(4-vinylpyridineco-acrylamide) latex particles crosslinked with methylenebisacrylamide by various salts (FeSO 4 , FeCl 2 or CoCl 2 ). The in situ precipitation of metal derivative salts in the polymer matrix led to magnetic nanomaterial mechanically entrapped in the polymer network. The final composite particles were found to be superparamagnetic in nature.
An original process based on thermolysis and in situ precipitation has been reported by Charmot [21, 22] . This process consists in the preparation of hydrophobic crosslinked poly(styrene-co-4-vinylpyridine) particles containing cobalt nanoparticles. These metallic nanoparticles were formed in situ by thermolysis of cobalt carbonyl, Co 2 (CO) 8 .
The most explored strategy is based on batch polymerization in dispersed media (suspension, dispersion, micro-emulsion, mini-emulsion, etc.) of hydrophobic monomers in the presence of pre-formed magnetic nanoparticles such as iron oxide (i.e., ferrofluid solution): emulsion polymerization [23] , inverse emulsion polymerization [24] , inverse microemulsion [25] or direct miniemulsion polymerization [26] .
Suspension polymerization of oil-in-water magnetic droplets was explored in 1982 [15] . The magnetic droplets contained stabilized iron oxide nanoparticles (ferrofluid) dispersed in a hydrophobic phase (monomers, organic soluble initiator and hydrophobic crosslinker agent). This dispersion polymerization process allowed elaboration of polystyrene and polybutylacrylate magnetic microspheres containing 20 -60 wt.-% of iron oxide. Nevertheless, the final dispersion contained both magnetic and nonmagnetic polymer particles.
The above-described process has been extended to the elaboration of various magnetic latexes such as thermosensitive polystyrene-poly(N-isopropylacrylamide) (NIPAM) particles [16] and crosslinked poly(hydroxyethyl methacrylate) (HEMA) microspheres [27] . In this case, the magnetic nanoparticles were surface-modified by immobilizing poly(ethylene glycol) for reasons of compatibility between the inorganic and polymer materials.
A heterocoagulation-based process has been first reported by Furusawa et al. [17] by adsorbing inorganic nanoparticles (NiO, ZnO, Fe 2 O 3 ) onto oppositely charged polymer particles (carboxylic polystyrene particles). To prevent the release of adsorbed metallic nanoparticles, an encapsulation step via seeded radical polymerization was performed (Fig. 2) . Based on the above described Furusawa process, Sauzedde et al. [18, 28] and Wooding et al. [29] prepared monodisperse thermally sensitive magnetic latex particles by using thermally sensitive core-shell latex particles. Encapsulation of the adsorbed iron oxide layer via polymerization was performed using N-isopropylacrylamide (NIPAM), methylenebisacrylamide (MBA), itaconic acid (IA) and charged initiator. . Layer-by-layer adsorption process of iron oxide and polyelectrolytes onto seed latex particles [32] More recently, an interesting method leading to reactive hydrophilic highly magnetic particles has been reported [30] . This approach consists in layer-by-layer polyelectrolyte adsorption onto well defined oppositely charged oil-in-water magnetic emulsion [31] . Due to the combination of attractive electrostatic interactions and hydrogen bonding, the adsorbed polyelectrolyte layers on the seed magnetic emulsion form a homogeneous impermeable polymer shell. The surface functionality is induced by the final polyelectrolyte layer (Fig. 3) . This approach has been first explored by Caruso et al. [32] (Fig. 4) . Charged magnetic nanoparticles were adsorbed alternately with oppositely charged polyelectrolytes onto seed polystyrene particles. The final magnetic submicron particles contain 10 -20 wt.-% iron oxide.
More recently, a new and original approach has been developed by Montagne et al. [33] , leading to the preparation of submicron reactive magnetic latexes with high iron oxide content. The method elaborated consists in the radical polymerization of oil-inwater magnetic emulsion swollen with hydrophobic monomers. Via this process, the magnetic droplets were transformed into superparamagnetic magnetic latex particles exhibiting core-shell morphology as examined by transmission electron microscopy (Fig. 5) . 
Biomedical applications
Various biomedical applications have been developed using magnetic colloids and especially magnetic latexes. The use of such colloidal supports in biomedical diagnosis is due to the superparamagnetic properties of the selected magnetic particles. The first application of magnetic latex particles in biomedical diagnosis was in immunoassay. The second application was developed in nucleic acid based diagnostics: specific capture and non-specific capture, purification and concentration of nucleic acid material (DNA and RNA). Another application is related to cell sorting in vivo or in vitro [34, 35] .
Immunoassay
The most important application of magnetic particle-antibody conjugates is based on the specific antigen-antibody interaction. The capture phase is composed of reactive magnetic particles bearing immobilized antibodies via irreversible physical adsorption or chemical reaction. The conjugates are mixed with a pre-treated biological sample in order to capture the targeted antigen molecules. The detection of captured antigen is then performed by adding a second antibody (bearing an enzyme such as HRP, horseradish peroxidase) in order to establish a biological sandwich reaction (antibody-antigen-labelled antibody). After the capture step, quantification of the captured targets was achieved from the fluorescence intensity of the coloured medium due to enzyme oxidation. This specific immunoassay is named ELISA (enzyme-linked immuno-sorbent assay) [19, 36] . 
Specific capture of nucleic acids
The specific capture and detection of nucleic acids in biomedical diagnostic application has been well explored and exploited since 1980, thanks to the high and rapid development of oligonucleotide (ODN) chemistry, which enables the synthesis of single stranded DNA fragments necessary for capture and detection (Fig. 7) . Such specific capture and detection are based on the specific hybridization of complementary single stranded DNA fragments (Fig. 8) . To capture a given sequence of ssDNA, the complementary oligonucleotides (of well defined sequence) are chemically grafted onto a reactive magnetic colloid. The elaborated conjugates (particle-oligonucleotides) are mixed with a biological sample containing single stranded nucleic acid molecules. After the establishment of hydrogen bonds between the chemically immobilized ODN and the targeted nucleic acid molecules, detection is accomplished by adding a second ODN (bearing the HRP enzyme) of a complementary sequence of a given part of the target. Enzyme oxidation leads to the coloured supernatant, revealing the specific capture of the targeted nucleic acid molecules. In this application, the ODN chemically grafted onto magnetic support is noted ODN for capture and the ODN bearing the enzyme used for the detection step is called ODN for detection. This application is named ELOSA (enzyme-linked oligo-sorbent assay) [19] . 
Non-specific concentration and purification of biomolecules (nucleic acids and proteins)
The non-specific capture of biomolecules is found to be of great interest in numerous biomedical diagnostic applications. In fact, this process is based on the well-controlled adsorption (and desorption) and interactions between colloidal particles and targeted biomolecules.
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In the case of nucleic acids, the used magnetic colloids are cationic in nature in order to favour attractive electrostatic interactions. Adsorption is controlled by monitoring pH (acidic pH) and low salinity of the medium. After few washing steps to remove non-desirable molecules, the magnetic particles bearing adsorbed nucleic acid molecules were used after the concentration step in the enzymatic amplification process such as polymerase chain reaction (PCR) (Fig. 9) . The amplified nucleic acid molecules were then detected using gel electrophoresis [10] . Fig. 9 . Schematic illustration of nucleic acids and proteins using thermally sensitive magnetic colloidal particle separation and concentration Desorption (in a small volume) of adsorbed nucleic acid molecules onto cationic magnetic supports was performed by changing the pH and the salinity of the medium. Then, the realized nucleic acid molecules were amplified and detected via gel electrophoresis. The first work in this direction has been performed on cationic hydrophilic poly(N-isopropylacrylamide) microgel particles [37] and then on magnetic polystyrene core / cationic hydrophilic crosslinked poly(N-isopropylacrylamide) shell particles [10] .
Using such methods, the sensitivity of biomedical diagnostics based on nucleic acid molecules' capture and detection was found to be highly enhanced. This is due to the possible concentration step based on the use of an appropriate magnetic carrier.
Extraction, purification and concentration of proteins were found to be of great interest in some biomedical diagnostic applications. This approach is based on the non-specific adsorption of proteins on magnetic latex particles bearing an appropriate surface. The adsorption of proteins onto colloidal particles has been largely examined as evidenced by the numerous published works [38] . Protein adsorption onto polymer particles was reported to be mainly governed by hydrophobic attractive forces. Whereas the protein adsorption onto hydrophilic supports was found to be negligible and low in the case of charged hydrophilic particles. The adsorption onto charged hydrophilic supports has been discussed in terms of electrostatic forces and as a function of protein properties. Recently, the use of charged thermally sensitive magnetic latex particles was found to be efficient for protein adsorption and concentration via desorption in a small volume [39] . Protein adsorption (i.e., the adsorbed amount) onto thermally sensitive magnetic particles is found to be negligible below the volume phase transition temperature (T VPT ) of the particles and high (considerable adsorbed amounts) above this transition temperature as first reported for thermally sensitive microgel particles [40] and core-shell latex particles [41] . The desorption of proteins adsorbed above T VPT is stimulated by cooling the particle-protein conjugates below T VPT and by well controlling both the pH and the salinity of the incubation medium.
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Virus extraction and detection
Recently, interesting work on virus extraction and concentration using magnetic beads has been reported by Satoh et al. [42] . To improve the sensitivity of nucleic acid amplification, polyethyleneimine (PEI) coated magnetic beads were used for virus capture, concentration and purification (Fig. 10) . PEI was chemically grafted onto carboxyl group containing magnetic latex particles. The cationic charges of the magnetic particles interact efficiently with the viruses (Sindbis virus, herpes simplex1 virus and the non-enveloped virus SV-40) but not with the non-enveloped virus porcine parvovirus (PPV) or poliovirus. The captured viruses were concentrated and the extracted nucleic acids (RNA and DNA) were then amplified using PCR (polymerase chain reaction) or reverse-transcription polymerase chain reaction (RT-PCR). It was concluded from this interesting and challenging work that PEI-magnetic particle conjugates are enhancing the sensitivity of nucleic acid detection and, consequently, the sensitivity of virus detection.
Concluding remarks
Reactive magnetic latex particles are of paramount importance in biomedicine and especially in biomedical diagnostics. The particular aspect of colloidal dispersions was explored because of the high specific surface of such support. Magnetism is used to replace the centrifugation step applied in the case of classical non-magnetic particles. Nowadays, various kinds of magnetic colloids and processes have been developed to satisfy biomedical applications. Consequently, to design appropriate magnetic particles, various criteria should be considered: particle size, size distribution, iron oxide content, magnetic properties, colloidal stability, surface polarity and surface reactive groups. Those parameters affect not only the colloidal properties of the dispersion but also the interactions between the support surface and the biomolecules in biological samples. In fact, the sensitivity of biomedical tests based on colloidal particles may be affected by the possible adsorption of contaminants, nonaccessibility of immobilized biomolecules (for capture), incompatibility of the particle surface with the used enzymes (in the case of amplification of nucleic acids) or detection conjugates such as labelled antibodies in the case of immunoassays (ELISA) and labelled oligonucleotides in ELOSA application. To apply well-adapted magnetic particles in biomedical diagnosis, systematic studies such as biomolecule adsorption, desorption and chemical grafting will be incontestably of great help in order to enhance the sensitivity of the targeted biomedical application.
Magnetic particles are also used in micro-systems in order to reduce time, costs and contamination possibilities. Obviously, the concept is far from real use since more studies on micro-fluidic and sensitivity levels are necessary to be addressed.
